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Summary 
In recent years, Inkjet Printing technique has been progressively developed and 
improved on in order to meet today’s manufacturing and fabrication demands. Its 
application has been widen from conventional graphics printing to other fields from 
biomedical to electronic circuitries. Accordingly, printing materials involved are also 
explored from dyes and pigments to conductive polymers and biomaterials in order to 
fabricate functional structures and circuits. Various dispensers have also been designed 
and fabricated to meet the requirements of these new applications. Drop-on-Demand 
(DOD) inkjet printing is thought to be one of the promising methods due to the precise 
delivered drop volume and controllable drop deposition.  
 
 This thesis primarily deal with the possibility of fabricating an applicable multi-
material product through means of the Drop on Demand (DoD) Dispensing System 
developed by our project team, using different type of dispensers with different methods 
of actuation in a single operation. An attempt is made to develop a frame work for which 
the problems and steps involved in fabricating a functional multiple materials component 
is documented. Other than compatibility issues and the necessary modifications to the 
hardware and software of the original DoD system, much considerations are also given to 
the sequence of dispensing for the different dispensers, the use of suitable substrates, the 
load bearing capability of the dispensed materials and the different curing time and 
temperature for each type of dispensers; all of which can directly or indirectly affect the 
performance of the performance of the fabricated multi-material end product. In thesis, 
the fabrication of a multiple material capacitor is presented. It consists of multi-layered 
Summary 
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conductive polymer and dielectric polymer, printed using parameters and method 
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1. INTRODUCTION 
1.1. Background 
Rapid Prototyping (RP) is a solid freeform fabrication technique which creates 
products using additive manufacturing technology. This technique is different from 
traditional manufacturing methods of subtractive manufacturing using CNC machine 
tools.  Based on the concept of material addition, physical objects are fabricated by 
adding materials layer by layer. Computer-aided design (CAD) is usually used in the RP 
system to create a 3D model of the object in the first place. The software of the RP 
system then convert the 3D model generated from the CAD drawing into a format 
compatible with the system. An example would be the STL format that is also adopted in 
this project. The 3D model is then converted into 2D data usually by slicing and printed 
out layer by layer into a solid physical object. In this manner, RP technology is able to 
build complicated shape or geometric features without the use of tools or molds. This 
flexible method allows more effective communication between design and manufacturing 
and greatly reduces the time required for product development.  
 
Inkjet Printing (IJP) is a data-driven and direct-write additive manufacturing 
process. Its advantages includes high resolution with deposition of micro and nanoliter 
droplet volumes at high rates, mask-free processing, ease of material handling, micro to 
nano scale fabrication, and low cost compared to other fabrication methods. The 
operating temperature of this process spans a wide range, from about -110oC to 370oC. A 
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high resolution of about 15 to 20µm diameter dispensed droplets can be obtained with 
frequencies of about 1Hz to 1MHz. There are generally two types of inkjet printing: 
continuous inkjet (CIJ), and drop-on-demand inkjet (DOD). For the DOD method, drops 
are only ejected when needed, usually in a certain specified position. All experiments and 
fabrications presented in this thesis are done using the DOD method. 
 
Fabrication of polymer devices by Inkjet Printing (IJP), particularly electronic 
devices has been gaining much attention in recent years due to the simplicity of 
fabrication, low cost and compatibility with a larger range of substrates.  IJP has been 
shown to fabricate all-polymer transistor [1-4] and polymer light emitted diode (PLED) 
[5–7] with much success. Some common printing materials for polymer electronic 
devices include polyimide (PI), poly(3,4-ethy-lenedioxythiophene (PEDOT) and poly(4-
vinyl-phenol) (PVP) among others. Some can be conductive while others are insulative or 
dielectric. In this thesis, both kinds of polymer are utilized in the fabrication of the 
multiple material capacitors.   
 
1.2. Challenges 
One of the challenges of printing a multiple material structure is the compatibility of  
the printing materials.  In certain cases, where cross-linking of the printing material is 
required, for example in the fabrication of scaffold in bio-medical application, the cross-
linking agent dispensed from another nozzle is supposed to regulate intermolecular 
covalent bonding between polymer chains of the printing material. In other instances, 
Chapter 1: Introduction 
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mixing of printing materials cannot be allowed to happen to prevent malfunction of the 
end product. One example would be printing of electronic devices like capacitors, which 
consist of a conductive portion and insulative portion. Care has to be taken to ensure the 
conductive material used for printing the top and bottom electrode is completely 
separated by the dielectric material in-between.   
 
 Another problem that may occur is the different curing time or method required to 
cure the layer of printed materials on the substrate. Different material has different curing 
time and curing temperature. Some require curing by heat while others may require UV 
curing. The droplet sizes from different dispensers are also different, causing curing time 
to be different, even if both solvents are the same. Also, when printing multi-layered 
structure, we have to make sure that the underlying area is completely cured first before 
the next layer is printed. If not the printing materials will tend to mix (but not necessary 
form a chemical reaction) and merge into a blob of liquid. This is especially so if both 
printing materials uses the same kind of solvent. 
 
Lastly, different materials are only compatible with certain type of dispenser and 
mode of dispensing. For example, highly viscous material like sodium alginate is more 
suited for positive pressure dispensing by micro valve dispenser while its cross linking 
agent, calcium chloride solution, is more suited for negative pressure piezo-actuated 
dispensing to prevent breaking up of the underlying layer. Therefore, it is important the 
selection of printing materials is compatible with one another and the chosen dispenser.  
 
Chapter 1: Introduction 
National University of Singapore  4 
1.3. Objective 
The main objective is to develop a framework for our multiple nozzle, multiple 
material DOD system through which future similar system could be based on. 
 
The main objective will be achieved through the fulfillment of the following tasks, i.e. to: 
• Configure the current software of the DOD system, particularly the user interface, 
from a single dispenser one to a multiple dispensers (at least 2) one. 
 
• Conduct the characterization for the printing materials (PEDOT: PSS and PVP) 
on various substrates. This include optimizing the printing parameters for both the 
piezo and micro valve dispenser and the curing temperature, among others, for 
drop followed by a straight line and lastly a 2D layer for both materials.   
 
• Fabricate a functional multiple material, multiple layered capacitor using 
parameters established in the previously reconfigured DOD system. 
 
1.4. Organization 
The content of this thesis is organized as follows: 
 
• Chapter 2 gives an introductory knowledge on the different aspects of Drop-on-
Demand Inkjet Printing technologies. 
Chapter 1: Introduction 
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• Chapter 3 gives an overview of the Multiple Nozzle, Multiple Material 
Dispensing DoD system, which include the user interface and the experimental 
set-up. A description of the experimental equipments and materials will also be 
given. 
 
• Chapter 4 describes the preparations of equipments and materials for conducting   
of experiments. These include substrates treatment, characterization of print heads 
and preparing of printing materials.  
 
• Chapter 5 discusses the printing of different materials on various substrates under 
different printing parameters.  
 
• Chapter 6 presents the actual printing of multiple layer, multiple materials 
functional electronic devices on various substrates using optimized parameters 
from chapter 5.  
 
 
• Chapter 7 draws conclusions from results that are previously discussed and 
analyzed and gives recommendation for which future works can be based on
Chapter 2: Literature Review 
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2. LITERATURE REVIEW 
2.1. Introduction to Inkjet Printing 
 Inkjet printing (IJP) is a method of creating an image on a substrate by jetting 
droplets of ink or other materials from a small aperture directly and without contact onto 
specific or predetermined locations on the substrate in a dot-matrix fashion [8,9]. It has 
become a convenient method for transferring electronic data to paper or overhead 
transparencies and, due to its low cost, is now present in almost every office and 
homes[8]. IJP is a mature and well-developed method in its application to the graphic-arts 
industries and is highly successful in this area[9]. 
 
The manufacturing industry has, in recent years invested much effort in turning 
IJP into a versatile tool for many manufacturing processes[8]. There are now many 
applications of IJP in most manufacturing processes where the precise and controlled 
deposition of minute quantities of functional materials with specific properties (chemical, 
biological or electrical etc) to specific locations on substrates are required[10]. While the 
basic principles of droplet formation and fluid dynamics are still relevant, investigation 
on these new printing materials like their viscosity, additives, chemistry and thermal 
stability is needed in order for industrial applications. Dispensing of polymeric materials 
with IJP are now a reality and they have been actively used in producing electronic 
devices like all polymer capacitors and transistors.  
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To the knowledge of the author, most IJP DoD systems that utilized multiple print 
heads for dispensing usually uses the same type of print head, even though printing 
materials and printing parameters can be different. Rarely different types of print heads 
with different settings and different mode of operations can be seen in a single printing 
process. Combining 2 different print heads or dispensing units with completely different 
mode of actuation can allow one to offset the flaws of one kind of print head with the 
advantages of the other. This is especially true in fabricating multiple material 
components where the chemical structure or physical properties of individual component 
are vastly different. 
2.2. Various DOD System and Their Applications 
 There are two primary methods of inkjet printing: continuous inkjet and 
drop-on-demand (DOD) inkjet printing. The DOD-IJP can be further subdivided into 
piezoelectric and thermal inkjet and electrostatic printing, etc. while continuous inkjet 
can be subdivided into the binary deflection and multiple deflection method, among 
others. All experiments documented in this thesis utilized DOD-IJP, particularly 
piezoelectric printing and positive pressure micro valve printing. A DoD system or 
device dispense droplets of materials only when at a specific location on the substrate[11] 
that is usually predetermined by the user. The DoD principle eliminates the need for drop 
charging and a drop deflection system, as well as do away with the unreliable ink 
recirculation system required by Continuous IJP. Currently, most of the industrial and 
research interest in IJP are in the DoD methods. Demand mode inkjet technology can 
dispense droplets from 150μm to as small as 15μm at rates of between 0 to 25kHz[12]. 
Chapter 2: Literature Review 
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Most DoD systems in the market are using the Thermal or the Piezoelectric principles. 
Figure 2-1 shows the droplets dispensed from a DoD-IJP process.  
 
                Figure 2-1: Schematic of the DoD-IJP process [12] 
 
  
There are various kind of DoD systems that are being used in the market or in 
research purposes today. However, regardless of the type of transducer that is in use, the 
basic principles of the DoD process are similar. One such system is the Piezo-actuated 
Drop-on-Demand System. Such systems can be based upon silicon technology. 
Dispensing of fluids are usually realized by using actuators to accelerate or displace 
droplets usually by sending pulse signals at various frequencies to achieve droplets with 
varying dimensions. The main components of a piezo system usually consist of 1) a 
pressure chamber for pressure regulation, 2) the actuator for droplets dispensing and 3) 
the nozzle itself. The designs for these components will depend on the process that the 
systems are used for. The final operating parameters and dimensions will be dependent 
on the fluid properties like viscosity, surface tension and density, etc. Also, the design of 
the pressure chamber has to be such that bubble formation is avoided during operation. 
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Usually, print heads that utilizes such piezo system are capable of dispensing droplet 
volume ranging from 50 pl to 10 nl. [13]. 
 
 DoD systems can also be pressure driven. In this case, the system relies on 
externally applied pressure, for example by a controlled air pressure or syringe pump to 
induce flow of fluids or droplets dispensing. One such example is the Pressure-induced 
Transfer System [13]. For such systems, a volume of fluid is dispensed according to the 
applied pressure. The volume of fluid is connected through a microvalve made of Si 
membrane with a pipette tip. When the valve open, the volume of fluid (depending on the 
applied pressure) is taken up at the pipette tip, compressed air is then applied to the whole 
system through the microvalve to dispense the fluid. The final amount of fluid dispensed 
is therefore dependent on the distension of the Si membrane in the microvalve.   
 
 The third type of DoD system that will be introduced in this section is the “Biodot 
System” [13]. Here, fluid is dispensed by a pressure from a motorized syringe pump to  
the nozzle, which is in turn connected to a reservoir of the same fluid as shown in figure 
2-2. The droplets formed at the nozzle are formed by actuating the micro-solenoid valve. 
This cut the liquid stream from the syringe into small droplets. Synchronization between 
the stepping motor of the syringe pump and the actuation of the micro-solenoid valve 
allows for single drop-on-demand displacement. Such a system, while much less complex 
and easier to build, is less precise and reliable since bubble formation is possible in the 
syringe pump during pumping and at the nozzle. 
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Figure 2-2: The Biodot System 
 
 Finally, there is a type of DoD system that utilized electrostatic drop on demand 
inkjet print head with a monolithic nozzle. The print head consists of a p-type ground 
electrode within the reservoir and a corresponding ring shape electrode around the nozzle 
tip as shown in figure 2-3. When a voltage signal is applied to the ring-shaped electrode 
plate located against the P-type ground electrode inside the nozzle, an electric field is  
 
Figure 2-3: Schematics of electrostatic micro-droplet ejector with pole-type nozzle 
 
 
induced between the electrode and the ground. The electrostatic force causes the fluid 
meniscus at the nozzle tip to form a micro-droplet. When the electrostatic force is 
stronger than the surface tension of the meniscus, the fluid break up and the micro-
droplet is ejected [14].  
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2.3. Classification of Micro-valve Printing Technique  
 Micro-valves have been used extensively in microfluidic system, particularly in 
life science application where handling of biomolecules is required [15-18]. The different 
types of micro-valve can be roughly categorized in table 2-1 below. The micro-valves 




available in the market today can be categorized into 2 main groups: 1) active and 2) 
passive and further sub-divided into a) mechanical, b) non-mechanical and c) externally-
actuated. Some types of micro-valves are more suitable for gas flow regulation while 
others are used extensively in moving microfluids.  
 
There are also instances where micro-valve is a hybrid of a few categories. For 
example, the opening and closing of the valve can be done by using solenoid coil, 
Chapter 2: Literature Review 
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magnetically or electrically while pressure (pneumatic) is used to dispense either 
controlled volume of microfluids or gas.  In this case, the duration of the opening of the 
valve and the dispensing pressure will determine the printing performance (e.g. drop size, 
velocity, satellite drops etc) [20].   
2.4. Advantages and Disadvantages of Inkjet Printing 
2.4.1. Advantages of Inkjet Printing 
In short, IJP offers economical advantages in situations where the material to be 
deposited is expensive, multiple variable patterns are desired and wastage of materials are 
to be minimized. It is a highly flexible technology that is able to deposit small amounts of 
material in almost any required pattern and can be scaled-up for larger print sizes or 
quantities. 
 
As IJP is a material additive process. It only dispenses or print what is required, 
keeping material wastage to a minimum. In most cases wastages is only about 2%[6], as 
compared to subtractive manufacturing where wastages of material can be substantial. 
This results in a lower cost for applications that requires expensive materials, e.g. 
biomedical, display, precious metals, etc. It is also an environmentally friendly process, 
as there is less material wastage [21] and less solvent is required. Thick films can be 
generated by printing layer upon layer. 
 
Fewer steps are required in the IJP process, resulting in lowered cost and 
production time. IJP eliminates developing, punching and inspecting of photomasks. 
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Furthermore, as deposition of material is only carried out where required, it eliminates 
the coating and developing steps of photolithography. This means a potential reduction in 
labor, equipment, energy, chemicals and water usage.[22] 
 
IJP, being a data-driven, direct-writing process that is able to use data directly 
from a Computer Aided Design (CAD) model, is a highly flexible process that can 
generate different shapes without additional tooling [21]. The job processing time from 
CAD modeling to actual manufacturing is significantly reduced. This implies a faster job 
flow through the manufacturing facility, shorter change-over time between different jobs, 
reduced work-in-process (WIP) and smaller practical batch sizes. Batches as small as 
single ‘work-piece’ can be achieved[23]. 
 
IJP also eliminates the need for a die or rigid photomask, as used in traditional 
imaging. Besides eliminating the cost of producing the masks, it also eliminates the space, 
cost and man-hours required to store large amount of film and glass masks, which often 
requires specially controlled environments. Other benefits with the elimination of masks 
and mask defects, light scattering and off-contact spreading etc[22]. 
 
With no contact between the nozzle and the substrate, the possibility of 
mechanical wear and tear on the print-head is eliminated. The possibility for cross-
contamination is also reduced to a minimum, which will have a direct impact on the 
performance of final features. With proper design and formulation, a wide range of 
materials can be used. These include water- and solvent-based materials, both conductive 
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and non-conductive.[9] A wide range of operating temperatures ranging from -110oC to 
370oC[12] is also achievable.   
 
High resolution and printing rates can be achieved with a proper setting of ink-
jetting and printing parameters. Droplets of 15 to 120µm can be obtained and print 
frequencies of 1Hz up to 1MHz can be achieved[12]. IJP is suitable for deposition on 
both small as well as large substrates as used in wide-format graphic arts printing and 
displays manufacturing. Applications requiring the deposition of small amounts of fluid 
in specific locations can take advantage of drops <10pl in volume and placement 
accuracy that can be measured in micrometers[22]. 
 
Another great potential advantage with IJP is its ability to correct for registration 
errors due to distortion. In traditional imaging, corrections are limited to X- and Y-axis 
shifts and rotation. Getting two patterns to be congruent becomes difficult, if there is any 
stretch, shrink or shear in either the mask or the substrate.[22] A digital imaging system 
is able to acquire reference positions and to scale the data to fit either locally or 
completely. 
2.4.2. Problems with Inkjet Printing  
 
There are two main problems inherent in any IJP process. The first is the intrinsic 
pinhole nature of the deposited material resulting in thin-films that are not completely 
covered up[23]. This intrinsic pinhole nature is one of the contributors to the second 
problem, which is the uneven surface of printed features. This results in relatively high 
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surface roughness for printed thin-films. Positioning accuracy and drying process of 
printed features must be carefully controlled to obtain the desired thin-film properties, e.g. 
lower surface roughness. Furthermore, the point at which each successive swath of the 
inkjet process joins together can also be a significant source of non-uniformity and 
structural weakness.  
 
Through optimizing appropriate parameters, the problems brought about by the above 
issues can be alleviated, however these issues still remain prominent in today’s industries 
and cannot be solved completely. The limitations of a particular print head within a DoD 
system can be solved by the inclusion of 2 or more different types of print head with 
different working range and material compability. In doing so, the flaws and limitation of 
one print head can be compensated with the pros of the others. However, with the usage 
of different types of print head and nozzles of different diameter, the issue of 
compatibility between the different print heads and printing materials will have to be 
sorted out beforehand to enable a smooth running of the DoD system. 
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3. OVERVIEW OF A MULTIPLE NOZZLE, 
MULTIPLE MATERIAL DISPENSING SYSTEM 
3.1. Experimental Set-up 
 This chapter discusses the experimental set-up for the multiple nozzle multiple 
material dispensing system. The schematic is shown in figure 3-1. 
 
 
Figure 3-1: A schematic for Multiple Nozzle, Multiple Material Dispensing System 
 
 The movement of dispensing units is done on the motion stage. The pathway of 
the dispensers is determined by the user from the user interface. When the print head has 
arrived at a specific location on the substrate on the motion stage, dispensing of material 
are done via TTL signal output from the synchronizer to drivers of individual print heads, 
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which will then “fire” a triggering pulse signal to the actuator of each print head for 
dispensing.  There is also a pneumatic system that provides airflow to the pressure 
regulator of individual print head to control drop dispensing. Lastly, a visualization 
system, which consists of a mounted CCD camera and an array of LED providing 
stroboscopic light source, is used to observe droplets formation before dispensing. 
3.2. Equipment and Materials 
 This section describes the equipments and printing materials used in the 
experiments conducted during the course of this research. The hardware and their 
respective software are also included.  
3.2.1. Synchronizer 
 
 The synchronizer (figure 3-2) act as the “communication” between motion stage 
and the print-heads drivers. During homing of the motion stage, information regarding 
the position of the x, y and z axis of the motion stage is acquired by the synchronizer. The 
synchronizer has 8 TTL output and as such is capable of controlling up to 8 print-heads 
drivers. However, for our experiments, only 2 drivers are used.  
 
During printing, the dispensing units are moved to the specific positions as input 
by the user using the user interface. At certain specific position where drop dispensing is 
supposed to occur, input information from the user interface, including printing pitch, 
line gap and output channel are passed to the synchronizer, by which the synchronizer 
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will emit TTL signals according to the user input parameters to the actuator of the 
selected print-head.  
 
Figure 3-2: The Synchronizer 
 
3.2.2. Dispenser and Print-Heads  
 The print-head for the piezo-actuated dispenser is self-developed and house made 
(Fig. 3-3) [24] by Mr Lee Erqiang from NUS. The print head is composed of a print head 
chamber and an interchangeable glass nozzle connected by thread. The piezoelectric 
crystal PZT-5H radial cylinder of 0.635cm OD, 0.05cm thickness and 2.54cm long was 
bought from Boston Piezo-Optics Inc. The PZT-5H cylinder surrounding a 5cm long PET 
plastic tube was placed at middle of the tube. The PZT-5H tube was super glued to the 
PET plastic tube using conductive epoxy. Two wires were attached to the inner and outer 
surfaces of the PZT-5H using epoxy and used as positive and negative electrodes. The 
housing for the prepared glued component was designed and fabricated in AML, NUS.  
Position information from 
encoder of motion stage 
TTL signal to print head for 
pulse triggering 
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Figure 3-3: Piezoelectric printhead [24] 
 
The print-head for the micro valve dispenser (figure 3-4) is brought from the Lee 
Company. This micro-valve operates through a solenoid system to open or close the  
 
 
Figure 3-4: Solenoid valve and nozzle for micro-valve dispenser 
 
valve. An induced magnetic field forces an internal piston to open the valve; otherwise, a 
spring forces the piston onto the valve seat to close the valve. Under external trigger TTL 
signal of between 60 Hz and 1 KHz, the valve driver outputs 24 V spike voltage to 
activate the valve and 3 V to hold the open status. The total time period including spike 
and hold status is defined as operational on time (OOT). 
 
Solenoid valve 
 (activated by  
  pulse signal) 
Micro-valve 
nozzle 
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 A comparison of performance for both the micro valve print head and 
piezoelectric print head from experiments conducted by Sun, et al. (2009) is shown in 
table 3-1 below: 




The piezoelectric print head offer better resolution and smaller drop volume while 
at the same time being able to print a wider range of viscosity. However, the time taken 
to adjust the parameters in order to get a stable drop is relatively longer. Furthermore, 
drop size can be slightly different from time to time even with the same parameters, 
making repeatability poor. On the other hand, the micro valve print head offer good 
repeatability and much shorter set up time but gives lower resolution (bigger drop size) 
and has a smaller range of viscosity.  
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Figure 3-5: Dispensing unit, including adaptors for both print-heads 
 
 
 Both the piezoelectric and micro valve print heads are attached to similar 
dispensing units (figure 3-5) that are self developed by the author and fabricated in AML, 
NUS. The dispensing unit, made of brass and stainless steel, consists of a reservoir that is 
used to contain the dispensing material, a commercial filter to filter off any micro 
particles or impurities during printing and individual adaptors for different print heads. 
The combined weight of one set of dispensing unit and print-head is around 2 to 2.5kg, 
depending on the type of print-head used.   
3.2.3. Pneumatic System 
 
For the piezo-actuated dispenser, stable negative pressure is required to “hold” the 
fluid within the dispenser and reservoir during printing. Figure 3-6 shows the Automatic 
micro-dispenser (AD3000C controller), a commercial vacuum generator bought from 
Iwashita Instruments Pte Ltd. It works as a pressure regulator to provide negative 
pressure. The micro-dispenser has two outlets, with one set as vacuum by default and the 
other for introducing positive pressure during cleaning and purging of clogged nozzle 
when necessary. The digital gauge has accuracy of 0.05psi. This pneumatic system is able 
Reservoir 
Commercial filter 
Adaptor for piezo dispenser 
Adaptor for Micro-valve 
dispenser 
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to provide the required stable negative pressure of around 0.1 psi or more, which is 
adequate for the requirement of our piezo actuated dispenser, (around 0.2 psi to 0.4 psi). 
 
 
Figure 3-6: Vacuum generator 
 
As for the micro valve dispenser, a positive pressure generator is required for the 
dispensing of material from the nozzle. The pneumatic system for the micro valve 
dispenser, shown in figure 3-7, is jointly designed and constructed in house by the author 
 
 
and another FYP student from NUS. The positive pressure generator consists of 2 outlets. 
One is for the dispensing of positive pressure during normal printing (the default outlet) 
whiles the other is for purging of clogged nozzle during printing and cleaning. A 3/2 way 
solenoid valve allows the user to toggle between the 2 outlets.  
 
Figure 3-7: Pressure regulator for micro valve dispenser 
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3.2.4. Drivers Hardware and Software 
The Jet driver bought from Microfab Company is used to provide pulse wave 
signal to activate the piezoelectric crystal in piezo dispenser. It is the pulse signal that 
causes the piezo deformation within the dispenser and dispenses droplets. The rise and 
fall time were set to the minimum value of 3μs, pulse amplitude, i.e. the voltage was set 
to the same value both for the positive and negative. Dwell and echo, i.e. the pulse widths 
were also kept the same regardless of the value.  Frequency was set to be 100Hz.  
 
The software interface (figure 3-8) allows the user to insert the parameters that is 
appropriate for the nozzle design and printing materials. There are two parameters that 
are most commonly adjusted. One is pulse amplitude which determines the strength of 
the tube deformation, the other one is pulse width which indicates the duration time of the 
deformation continues. For a well defined pulse width, there is an amplitude operating 
 
Figure 3-8: Microjet Driver and its software interface 
 
Chapter 3: Overview of a Multiple Nozzle, Multiple Material Dispensing System 
National University of Singapore  24  
 
window where both drop size and drop velocity will be increasing with amplitude [27]. 
During our experiment, only pulse amplitude and pulse width were adjusted to get an 
optimal drop size without any satellite drops, while the other 3 parameters (frequency, 
rise time and fall time) were kept constant. The frequency was set at a relatively low 
frequency of 100Hz in order to reduce the wetting action of the nozzle at the outer 
surface. The Microjet driver also allows one to send a pulse signal only when desired, 
this is achieved by sending TTL signal from the synchronizer when the dispenser is in the 
desired position.  
 
The driver for the micro valve dispenser is from the Lee Company. As there is no 
accompanying software for controlling the driver, a user interface has been developed for  
 
Figure 3-9: Software for controlling micro valve dispenser 
 
input printing parameters for the micro valve print head. Similarly, the main function of 
this software is to send TTL signal from the synchronizer to the driver of the micro valve 
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dispenser which will in turn emit an output signal consisting of a spike voltage to switch 
on the solenoid valve and a holding voltage of lower value but much longer period to 
keep the valve open, allowing droplets to be dispensed. There are only 2 parameters for 
the micro valve dispenser, the on-time and the dispensing pressure. The on-time is the 
time where the solenoid valve will stay open for droplets dispensing and is responsible 
for the drop size. The dispensing pressure affects both the drop speed and the drop size. 
This software is not used during actual printing. It is only used before printing to ensure 
stable dispensing droplets and for droplets observation during characterization.  
3.2.5. Visualization System 
In order to observe drop formation and drop dimension, a CCD camera (figure 3-
11) and a stroboscopic light source were used to observe and record the drop generation. 
The CCD camera bought from Emageworks Pte Ltd Company (www.emageworks.com) 
is able to capture 30 frames per second and the camera is equipped with a 2x lens (TL20-
40) of a fixed focusing point. The field of view of the lens is 2mm x 1.5mm. Assembled 
LED array (figure 3-10) is used as stroboscopic light and controlled by a LED driver at a 
designed frequency. The LED driver is able to set output current, pulse width and pulse 
delay to the LEDs array, but it requires an external TTL signal to provide a trigger pulse 
as a designed frequency. This again is achieved by the synchronizer.  
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                    Figure 3-10 : LED array                     Figure 3-11: CCD Camera for drops observation 
 
When the LED driver is synchronized with the dispenser, in which case both the 
LED driver and the dispenser are given the same frequency, a stationary droplet will be 
observed on the screen if the ejection process is stable. This allows one to observe the 
droplets dimension, diameter and satellites drops etc. However, in this work, the drop 
diameter after impact on substrate is of more interest to us.   
3.2.6. Other General Equipment 
 Other general equipments used in the course of this research include the heating 
mat, transformer and thermocouple thermometer. Together, they made up the curing unit 
(figure 3-12). The transformer is used to control the temperature of the heating mat by 
adjusting the voltage output while the thermocouple thermometer is used for measuring 
the heating mat temperature.  
 




Heating Mat Thermocouple 
Thermometer 
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3.3. User Interface 
 The function of the user interface is to allow the user to input necessary printing 
parameters during actual printing and these include printing pitch between dispensed 
droplets, gap between printed lines, the choice of the digital output channel for which the 
TTL signal is generated (the synchronizer has 8 of such channels) and printing origin, etc.  
The original interface only allows the user to control up to one dispensing unit and print 
one layer at a time. In order to perform multiple print head printing, its program has been 
modified (figure 3-13) by the author to control up to 2 by keying in numerical values of 1 
to 8 for each of the channel under the “Nozzle Index” box. The user has a choice of 
printing single line for optimizing printing pitch or multiple lines of various gaps for 
fabrication of a film of material. The print job for each dispensing unit can also be 
repeated if multiple layers of film of the same material are desired. This is done by 
inputting the desired number of layers in the “No of layers” box. 
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Figure 3-13: User interface for controlling of parameters during actual printing 
 
 A fixture is used to hold both the micro valve print head and piezo-actuated print 
head onto the X-axis of the motion stage, seen in figure 3-14. The printing origin is fixed   
 
Figure 3-14: The motion stage used for printing experiments (only 1 print head shown) 
 
for one print head. This is then used as a reference point for the starting position for the 
other print head. The operation of the first dispensing unit has to be completed before the 
second dispensing unit can be moved. While the program for printing using both 
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dispensing units may only take a few micro seconds to run, during actual printing, it will 
take tens of seconds or even up to minutes to run the operation of one dispensing unit, 
depending on the complexity of the print job.  As such, before the first dispensing unit 
can complete its print job, the program for operating both dispensing unit has long 
finished running. Usually, this would lead to only the printing of the first dispensing unit 
with the other not moving at all. However, occasionally, this programming error can 




Figure 3-15: Flow chart for the operation of 2 different print heads in a single operation 
 
The problem is solved by allocating a printing time for each dispensing unit for 
each layer of print. This is done by delaying the next printing operation for a specified 
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duration, usually the time taken for the current print job plus the time taken for the 
dispensing unit to travel back to it printing origin.  The flow chart for the operation of the 
dispensing units can be seen in figure 3-15. 
 
By using the modified user interface, the author hope to develop a Drop-on- 
Demand, multiple nozzle, multiple material system and come up with a framework for 
which future similar systems can be based on. Experiments on drop impact dynamics, 
optimization of material printing parameters and fabrication of multiple material 
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4. PREPARATION OF EQUIPMENT FOR PRINTING 
4.1. Substrate Cleaning Process 
4.1.1. Surface Cleaning  
 In order to increase the wettability of the substrates, they can be cleaned or 
treated in order to have any particles, organic debris and atmospheric hydrocarbons on 
them removed. The cleaning procedure for all substrates is as follows: 
 
• Rinse the substrate with DI water. 
• Ultra-sonic clean with Acetone for 60mins.  
• Rinse thrice with DI water 
• Ultra-sonic clean with alcohol for 60mins. 
• Rinse thrice with DI water. 
• Warm-up Ultrasonic bath with substrate in DI water to 50oC. 
• Ultrasonic clean for 10mins. 
• Rinse thrice with DI water. 
 
This type of cleaning is known as organic wet cleaning process since acetone and 
alcohol (70% ethanol), both organic agents are used in the cleaning of substrate surfaces. 
Each batch of substrates to be used on the day of the experiment are held by a small stand 
made of telfon and immersed a beaker filled with the above washing fluids before being 
immersed in the ultra sonic bath filled with DI water. Another set of substrates that were 
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not bathed with acetone and alcohol were prepared. They were only “cleaned” by 
ultrasonic bathing in DI water for 10 min followed by rinsing with DI water. These set of 
substrates will be used for comparison with the substrates that has undergone cleaning in 
terms of deposited droplets contact angle.  
4.2. Contact Angle Measurement  
The equipments processes, procedures and experimental setups for measuring the 
contact angles of DI water droplets on brass, glass and ITO substrates are documented 
and presented in this section. We also report the contact angles that are measured from 
the DI water droplets deposited on the treated and non-treated brass substrate and glass 
substrate respectively. The evaluation of the contact angle allows us to better understand 
the surface of these substrate and possible modification by the cleaning processes.   
 
For IJP purposes, wettability of the surface by the printed droplets up on impact is 
one of the main concerns. Spreading of these droplets after initial impact, which 
determines the final dried droplet shape and profile, is also closely related to the 
wettability of the substrates. These will have an impact on the different aspects of the 
substrate surface and interface, as well as the performance of final devices. 
 
Surface properties of any solid substrate are a direct result of intermolecular 
forces within the solid [26]. Similar to a liquid, the surface of a solid possesses additional 
free energy. However, due to the reduced molecular mobility in a solid, this free energy is 
not directly observable and must be measured with indirect techniques such as Contact 
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Angle measurements.[27] The Surface Energy of a solid material is a useful indication of 
both Wettability and Adhesion of a surface. Surface energy refers to the energy required 
to form a new surface at an interface, in this case the interface refer to the interface 
between the substrate surface and the materials (in the form of droplets) that will be 
dispensed onto the substrate. When the drop of fluid encounter the substrate surface, the 
surface tension or intermolecular forces within the droplet will compete with the surface 
free energy between droplet and substrate surface.  
 
By measuring the contact angle (θ) of a liquid droplet on a solid, we obtain a 
quantitative measurement of its wettability, which allows us to determine its surface free 
energy. The smaller the contact angle, the higher the wettability and the surface free 
energy. This effect can be further extended to the overlapping of droplets when they are 
dispensed in a straight line. In this case, the surface energy has to be higher than the 
surface tension between the overlapping droplets in order for the overlapping droplets to 
form a continuous straight line. If not, the droplets will tend to bead up into larger 
droplets if its surface tension is higher. 
4.2.1. Procedure for Measurement of Contact Angles 
 
 The wettability of the substrates is compared using their respective contact angles. 
The smaller the contact angle, the higher the wettability. 10 drops of DI water were 
deposited onto each substrate using a syringe and plunger system shown in figure 4-1. 
The freshly cleaned substrates are left in a general air-conditioned laboratory 
environment not under direct airflow. Each drop of DI water dispensed is precisely 1.0 
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µL in volume. The measurement or image of the dispensed droplets must be taken within 
30 second after it is deposited onto the substrate. If not, the droplet would begin to 
evaporate by then and measurement would not be accurate.  
 
Figure 4-1: Syringe and plunger system, nozzle tip must be flat and not tapered 
 
The picture of droplets is taken using a camera connected to a PC, with LED 
lighting at the opposite end to provide lighting to illuminate the droplet. Images of the 
droplet are stored into the computer. The contact angles of each droplet are then 
measured from the images stored in the PC with an average taken out of the 10 readings. 
4.2.2. Results and Discussions 
      Table 4-1: Measured contact angle for various substrates. 
 
Substrate Contact Angle 
Brass (non treated) 81.4° 
Brass (treated) 61.6° 
Glass (non treated) 41.2° 
Glass (treated) 22.9° 
ITO (treated) 22.3° 
 
Table 4-1 above summarize the results for average contact angles of all 4 
substrates (brass and glass, treated and non-treated) while figure 4-2 to 4-5 shows the 
picture of DI water droplets on each substrate surface. 
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          Figure 4-4: Glass substrate (non treatment)   Figure 4-5: Glass substrate (with treatment) 
 
 
Figure 4-6: ITO substrate (with treatment) 
 
 
From the above figures and table, it can be seen that treated glass substrate and the 
ITO substrate has the lowest contact angle and hence the highest surface energy. 
Therefore, organic cleaning has the effect of lowering the contact angle of the substrate 
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and increasing the wettability of the surface. Organic wet cleaning process is however, 
not the best cleaning method for surfaces. There are other methods, like Oxygen plasma 
treatment that are able to induce a higher surface energy for surfaces. In fact, Oxygen 
plasma treatment, a form of dry cleaning method provides one of the highest wettability 
as reported by Kim et al for surface treatment [27]. However, due to restraint in resources 
and unavailability of equipments, that option is not feasible.  
 
The cleaned surface should be used as soon as possible to prevent recontamination 
by atmospheric hydrocarbons; this is known as Surface Degradation or Ageing effects. 
Hydrocarbons are a major source of contamination and can be absorbed onto any clean 
surfaces, reducing wettability and surface uniformity. 
4.2.3. Conclusion 
We have compared and discussed the results of contact angle on both the glass 
and brass substrate. Organic cleaning of the substrates has the effect of cleansing the 
substrate of organic debris and thereby increasing its wettability. ITO coated glass 
substrate and glass substrate are the most suitable substrate for dispensing based on the 
contact angle measurements. The contact angle of the brass substrate is much higher than 
that of both glass and ITO-coated glass substrate, meaning that it has a much lower 
wettability than the two.  
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4.3. Methodology for Optimization of Printing Process 
 A summary for optimizing printing process is outlined here. Regardless of 
substrates, optimization of parameters always begins with droplets observation. Droplets 
behavior upon and after impact on the substrate is crucial in determining the 
compatibility of the substrate and the material in terms of surface wettability, curing 
temperature and shape of the droplets form. Ideally, every droplet on the substrate should 
be identical and spherical in shape with the same diameter. Distribution of material 
within droplets should also be uniform upon being cured or dried.  However, other 
printing parameters like dispensing pressure, pitch and especially curing temperature can 
play an important role in the quality of cured droplet.  
 
 After optimizing the parameters for individual droplet, lines that are made of the 
same material can then be printed. Factors that affect printing performance here include 
the printing speed, curing rate and printing pitch. The printing speed is in turn affected by 
the acceleration and deceleration time for print-head during movement and resolution of 
printed feature, that is dot-per-inch (dpi)[28]. Throughout all experiments, the printing 
speed is kept at around 5mm/s, which is enough for individual droplet to be sufficiently 
cured before merging. As such, at this stage, we will only be concerned with the curing 
rate and printing pitch. Obviously, different material and print heads will require different 
printing pitches. The former is due to different surface tension and viscosity while the 
latter due to different drop size [29]. 
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 The printing of a film is similar to that of a line. The conductive or insulative 
strength of the film will depend on the line gap and the number of lines printed per unit 
area of the film. For the same film surface area, the film with smaller line gap, i.e. more 
printed lines, will give stronger electric property.   
4.4. Dispensing Materials 
Finally, this section discusses the preparation of various printing materials used 
during experiments. A number of polymers, both conductive and insulative were used in 
the course of the experiments and they include: 
 
1. poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) 
The material used in this thesis is an aqueous dispersion of the intrinsically 
conductive polymer - PEDOT: PSS (Baytron® P VP CH 8000) supplied by H. C. 
Starck Inc. The formulated PEDOT: PSS ink has a solid content of approximately 
2.5% by weight. It is acidic in room temperature and has a viscosity of 9~20μ 
(m.Pa.s) and has generally good thermal stability [30]. Since PEDOT: PSS is not 
soluble in water; a conductive layer can be obtained from a layer of the dispersion 
by driving out the water by heat. 
 
2. poly(4-vinyl-phenol) (PVP) 
PVP is a water soluble insulative polymer. The material as received form of the 
PVP in our experiments is in powder form. It is chosen due to its excellent 
wetting properties, good affinity to various polymers and resins, good film 
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formation property and adhesiveness to various substrates [31]. These properties 
are important as PVP films will be required to be printed on conductive substrates 
or on other films of conductive polymers. A 2g/100ml solution of PVP is prepared 
by mixing 0.4g of PVP powder to 20ml of DI water in a small conical flask, 
followed by stirring the mixture on a magnetic stirrer for 2 hours until the PVP 
powder has fully dissolved in the DI water. The end result is a transparent 
polymer solution. 
 
3. Polyvinylidene Fluoride (PVDF) and Dimethylformamide (DMF) 
Another insulative polymer, PVDF was also used in the process of the multiple 
capacitor fabrication. Firstly, The DMF is mixed with acetone in a volume ratio of 
1:1. The PVDF powder (as received form) is then mixed into the DMF acetone 
solvent in a 1g/100ml ratio and stirred at 55oC to 60oC for 2 hours. The final form 
of the solution is colorless and transparent.  
 
The PVDF solution was found to clog the filter of the dispenser frequently during 
printing. Also, the solution tends to leave behind residues after the acetone in the solution 
evaporated. This causes some PVDF powder to be left behind in the reservoir and the 
filter after printing, making washing difficult. Moreover, unlike the PEDOT: PSS 
suspension and PVP solution, the PVDF solution cannot be stored for long after mixing 
as the acetone in the solution evaporate much faster than the DMF solution. This will 
change the concentration of the PVDF solution overtime, making experimental results 
inaccurate. Therefore this material is deemed not suitable for our application.   
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4.5. Characterization of Micro Valve Dispenser 
The results for the characterization of the micro valve are shown here. Contrary to 
the piezo-actuated dispenser, there are only 2 parameters for the micro valve dispenser. 
They are: 1) the on-time on the micro valve, and 2) the dispensing pressure.  The 
diameter of the dispenser nozzle is 254 µm, which is larger than that of the nozzle of the 
piezo-actuated dispenser. Also, the printing material used in this experiment is PVP, 
which is less viscous than PEDOT: PSS, as such, a larger drop size and volume is 
expected. Here, we use the PVP solution to conduct our experiment in determining the 
smallest possible on time and dispensing pressure at which dispensing is stable.   
 
An as low as possible dispensing pressure is desired so that the kinetic energy of 
the dispensed droplet is kept to a minimum. This will allow the excess energy within the 
droplet to dissipate as soon as possible upon impact and reach its final stabilized shape 
faster [29]. Moreover, a high dispensing pressure may damage the underlying film of 
material if more than one layer is printed.  The curing temperature is also kept at 80oC so 
that the droplets dispensed can be cured faster since we are more concerned with the final 
drop size after it has been dispensed and cured on the substrate. This would however, not 
be representative for drop size at lower temperature since lower curing temperature 
generally lead to larger drop size due to slower curing rate.  All dispensing for this 
experiment is done on treated glass substrate. Figure 4-7 shows the increase in drop 
diameter with increase in dispensing pressure from 250μs on-time to 600μs on-time. A 
dispensing pressure of 0.4bar is the minimum dispensing pressure at which droplets are 
dispensed. However, at this pressure, the PVP solution tends to accumulated at the nozzle 
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tip after around 5 minutes of dispensing. Pressures lower than 0.4 bar either cause the 
PVP to accumulate at the nozzle tip or are too low to dispense any PVP at all.  
 
Figure 4-7: Drop diameter increases as dispensing pressure increase for 250 µs on-time to 600 µs on-
time from 0.4 bar to 1.5 bar 
 
Based on the above observation, a dispensing pressure of 0.6bar is chosen. 0.6bar 
is the minimum dispensing pressure at which dispensing of droplets can be carried out 
smoothly for a prolong period of time. At higher dispensing pressure (>0.8bars) and 
especially at on-time after 350µs, the increment in drop size in relation to dispensing 
pressure also become more random and unpredictable, which suggest poor printing 
quality. Hence, an on-time of 300µs is chosen as 300µs is the minimal time required by 
the solenoid valve of the micro valve dispenser to be just fully opened. This would give 
the smallest possible droplets. An on-time of lesser than 300µs is not chosen even though 
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smaller drops can be produced as operating the micro valve at an on-time where the valve 
is not fully open is not recommended according to its specification. 
4.6. Characterization of Piezo-actuated Dispenser 
This section documents characterization done for the piezo-actuated dispenser. This 
print head is used for the dispensing of PEDOT: PSS droplets in experiments. PEDOT: 
PSS droplets were dispensed onto glass substrates that were organic treated and were 
allowed to be completely cured before their drop diameter is taken. The curing 
temperature is 70oC. The dwell and echo of the pulse wave from the Microjet pulse 
generator were adjusted such that different drop sizes are achieved. The amplitude of the 
pulse wave was kept constant at 70V throughout the experiment. A CCD camera was 
used for droplet observation during the adjustments. The results can be seen in figure 5-8. 
 
This experiment was then repeated 2 more times without changing any parameters or 
settings for the Microjet pulse generator or pressure regulator. Stable droplets begin to 
form when the pulse width (dwell and echo) was around 430 to 480μs. Below that value, 
no droplets were formed, although at some instances, partially formed droplets at the 
nozzle tip were absorbed back into the fluid within the dispenser due to surface tension 
near 400ms. Above 650μs, satellite droplets begin to form. There is only a small window 
of pulse width where dispensing is stable, from 430μs to 650μs. Also, the parameters 
from the Microjet pulse generator required to produce stable drop size are also slightly 
different each time. There are a few reasons for this. 
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Figure 4-8: Drop diameter vs Pulse width of Microjet pulse generator 
 
Firstly, as the back pressure requires hold the bulk of the dispensing material in the 
dispensing unit is rather low, a small change in liquid level in the reservoir will lead to a 
rather significant change in the required back pressure. Secondly, when the piezo 
contracts or expand, a pressure pulse is generated through the fluid and propagates 
through the nozzle tube and gets reflected back, colliding with incoming pressure wave 
generated by subsequent piezo deformation. Depending on whether the colliding pressure 
are in phase or out of phase, more or less energy can be imparted  to the fluid than 
intended by the piezo activation, this can in turn lead to a smaller or larger than expected 
drop size [20].  
 
This colliding of pressure wave can also lead to satellite drop after prolong usage of 
the dispenser, even when the parameters were previously able to dispense stable droplets. 
In fact, after repeated printing for about 30 minutes, the amount of fluid in the reservoir 
has already been severely depleted. As such, the same parameters may not guarantee 
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exactly the same droplet size, stable spherical shape or even dispense droplets at all. 
Therefore, it is important that each set of experiments be completed on the same day 
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5. PRINTING DONE ON VARIOUS SUBSTRATES 
 
This section documents the printing of PEDOT: PSS and PVP on various 
substrates including brass, glass and photo paper. Two kinds of print heads are used: the 
piezo-actuated dispensing unit and the micro-valve dispensing unit. The piezo actuated 
dispensing unit is used for dispensing the PEDOT: PSS suspension and gives a smaller 
drop size. The micro valve dispenser is used for dispensing the PVP solution and gives a 
bigger drop size. 
5.1. Printing on Brass Substrate 
The advantage of using brass as a substrate is that it is already a conductor of 
electricity; therefore the substrate itself can serve as some sort of conductive electrode for 
certain printed electronic device, for example a capacitor. In this case, a film made of 
dielectric material can be directly onto it. In our case, the dielectric film will be made of 
the dielectric polymer, PVP. This method of fabricating a capacitor has been 
demonstrated by Yoshino, et al where a thin film of Ta3O5 (dielectric material) is directly 
deposited onto a metal plate made of Fe-42%Ni alloy and then a thin film of Al is layered 
onto the Ta3O5 [32].  
 
Accordingly, droplets of PVP are first printed onto the brass substrate and their drop  
sizes are observed after drying. Ideally, all their dimensions, diameter and pitches should 
be the same. Droplets should spread radically and equally in all directions.  However, 
from figure 5-1, it can be seen that the drop diameter of the dispensed PVP droplets are 
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Figure 5-1: Individual PVP droplets on brass substrate 
 
not uniform. Spreading of PVP droplets are non-uniform in all directions upon impact 
and pitches between individual droplets are not equal. This can be due to the unequal 
surface energy of the brass substrate which is in turn due to the micro-cracks and 
scratches on the brass surface. Even though the brass substrate was polished before 
treatment, there still remain flaws on the surface when seen using a microscope.  The 
microscope is supplied by Keyence (model no: VH – 2450). The presence of such flaws 
results in random changes in the local surface energy of the substrate, causing the 
droplets to spread unevenly.  
 
Small circular dry areas without any material also appear within individual droplets 
after drying. This can be due to the entrapment of air bubbles within individual droplet on 
impact. Similar observation has also been made by Chandra & Avedisian (1991) [33] and 
Fujimoto, et al. (2000) [34].  As the bubbles or air pockets stay at substrate surface, it 
prevents material from filling that part of the substrate, resulting in the dry areas observed 
after curing. Mehdi-Nejad, et al. (2003) has offered an explanation for air entrapment 
between oncoming drop and a solid surface. Increased air pressure at the bottom of the 
drop while it is falling result in a dent there. The dent results in an entrapped bubble at 
the center of the drop upon impact at the surface [35].  
 
Chapter 5: Printing (done) on various substrates 
National University of Singapore  47  
 
 The empty spaces within individual PVP droplets and the non uniform diameter and 
spreading of the cured PVP droplets make the brass slide an unsuitable substrate for 
future experiment. The presence of empty space within the PVP droplets will result in 
short circuit for a fabricated electronic device. For example, during the fabrication of a 
simple capacitor, the bottom electrode (brass substrate) will come into contact with the 
upper electrode (presumably a polymer film of PEDOT: PSS) through the empty spaces, 
resulting in short circuit during testing. The non-uniform diameter of the PVP droplets, 
arising from the uneven surface energy of the brass substrate will result in a film with a 
rough finish, compounding the surface roughness and non-uniformity of subsequent 
printed layers of film.   
5.2. Printing on Glass Substrate 
Both PEDOT: PSS and PVP are printed on the glass substrate. Since one of the 
aims of this research is to print a simple functional capacitor with a dielectric film (PVP) 
sandwiched between 2 conductive electrode (PEDOT: PSS), a conductive electrode has 
to be printed onto the otherwise non-conductive glass substrate first.  
 
5.2.1. Printing of PVP on Glass Substrate and ITO Substrate 
 
Before printing, suitable parameters for the printing of PVP are established. A 
dispensing pressure of 0.6bar and on-time of 300ms are chosen as the printing parameters 
as stated earlier on 0.6bar is the smallest possible pressure to ensure stable dispensing and 
300ms is the minimum on-time where the micro valve is just opened. A 5 by 5 array of 
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PVP droplets is printed on the substrates. Upon curing, all the diameters for the 25 drops 
are measured. Figure 5-2 shows a part of the printed PVP droplets after drying.     
 
Figure 5-2: Drop size of cured PVP droplets on glass slide at on-time 300ms and 0.6bar dispensing 
pressure after curing at 70oC 
 
  
From the figure, it can be seen that the droplets diameter are more uniform 
compared to that on the brass substrate. The pitch of each adjacent droplet is also similar. 
The average diameter of the droplets dispensed on the glass substrate is 1.96mm while 
the average diameter of the droplets dispensed on the ITO substrate is 2.01mm. It is not 
surprising that both substrates have similar diameter since they have the same surface 
energy.  
 
The diameters of the droplets were also much larger than the nozzle size, about 
ten times larger. This is expected as the material dispensed is a water based solution, 
which has a lower viscosity than most other kind of materials like oil-based solutions. For 
fluid with viscosity that is too high or too low, small drops are not achievable [36]. Also, 
the viscosity of a liquid is proportional to the viscous dissipation. The lower the liquid 
viscosity, the lesser dissipation energy it must overcome during its droplet spreading and 
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the larger the final drop size [37]. This could contribute to the large drop size for low 
viscosity fluid like the water based PVP solution. 
 
Using the same printing parameters, PVP lines are then printed onto the glass 
substrate. The printed PVP lines can be seen in figure 5-3. It is shown that the distribution 
of the PVP polymer within the lines is not distributed uniformly. There is a large 
concentration of PVP suspension at the first one-third length of the printed lines while the 
concentration at other regions of the lines is almost non-existence. The main reason for 
this non-uniformity can be due to the larger surface tension of the PVP 
 
Figure 5-3: PVP lines printed at curing temperature of 70oC 
 
 
compared to the surface energy of the glass substrate. Due to the much larger drop size of 
the PVP droplets as compared to that of PEDOT: PSS droplets, the area of contact 
between adjacent PVP droplets is higher. This result in higher surface tension between 
the droplets.  As the surface tension between droplets is high enough to overcome the 
adhesive force (surface energy) of the substrate, the droplets tend to move along the 
substrate surface and merge. 
 
5.2.2. Printing of PEDOT: PSS on Glass Substrate 
 
This section presents the results on the printing of PEDOT: PSS on the glass 
substrates. Firstly, individual droplets are printed on the glass substrate. Pitches of the 
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droplets dispensed are varied in order to determine the best uniformly formed straight 
line. The optimal pitch will depend on the drop diameter. Usually, the optimal pitch is 
where the drops overlap at its radius as shown in the schematic in figure 5-4. Throughout 
the printing, the glass substrate is placed on aluminum heating plate so that the printed 
line can be cured after printing. It is also important to note that the region where the 
boundary of the drop meets the substrate is the first to be cured. Accordingly, lines of 
different pitches are varied from 200 micron to 400 micron at the intervals of 50 micron 






Drop Pitch ≈ 
250μm 
Drop Diameter  
≈ 500μm 
Drop Pitch ≈ 350μm 
Drop Diameter  






 Figure 5-4: The degree at which drops overlap plays an important role the thickness and 
uniformity of the resultant line   
 
 
Figure 5-5: Printed PEDOT: PSS lines with varying pitches from 200 micron to 400 micron 
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difference between the PEDOT: PSS lines and the PVP lines is that, the distribution of  
PEDOT: PSS is uniform throughout the lines at all pitches. One reason is that the PEDOT: 
PSS, unlike PVP is not hydrophobic. Also, PEDOT: PSS droplets are generally much 
smaller in diameter and therefore dry much faster on the substrate. This would have 
prevented the migration of PEDOT: PSS suspension from one droplet to the adjacent 
droplet. 
 
Theoretically, the average line thickness would ideally be lesser or equal to the 
diameter of individual droplets, depending on the extend of the overlapping droplets. In 
other words, the droplet diameter would determine the line thickness while the pitch will 
determine total number of drops per unit length. However, this may not be the case in 
actual printing due to factors such as surface tension, surface wettability and precision of 
the print system. Table 5-2 shows a comparison between the theoretical average line 
thickness and the actual line thickness. The value of the theoretical line thickness is 
obtained by averaging the crest (the diameter of the droplet) and trough (the length where 
the two adjacent drops overlap). The average line thickness is obtained by averaging ten 
different values taken at different locations along the printed lines. As the curing 
temperature chosen for this experiment is 70oC, the theoretical diameter of the droplet 
and hence, the crest of the theoretical line thickness for all printed lines will be 550 




Chapter 5: Printing (done) on various substrates 
National University of Singapore  52  
 
Table 5-1: Comparison of theoretical average line thickness with the actual average line thickness of 
printed lines with varying pitches. 
Pitch 
/ µm 
Average Line Thickness/ µm 
Theoretical Actual 
200 531.2 N.A 
250 519.9 564 
300 502.4 523 
350 487.1 537 
400 463.7 528 
 
From table 5-1, for drop diameter of 550 micron at curing temperature of 70oC, a 
pitch of 300 micron would be the optimal pitch since the discrepancy between the 
theoretical and actual average drop diameter is the least at this particular pitch. For the 
200 micron pitch, at some regions of the glass slide, the extent to which droplets merge is 
higher than other regions. It could be due to the droplets are more susceptible to the 
effects of surface tension at this particular pitch (micron) which explains the droplets 
overcoming the surface energy of the substrate and merge with adjacent droplets at 
certain region. This causes other region of droplets to overlap lesser than intended. The 
overall effect is a line that completely breaks off at some portion and highly uneven 
thickness as shown in figure 5-5.  
 
The printing of PEDOT: PSS film is similarly done using the previously established 
pitch of 300 micron for an impact drop diameter of 550 micron. Figure 5-6 shows one 
layer of PEDOT: PSS film with a line gap of 350 micron, slightly larger than the pitch. 
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Figure 5-6: One layer of PEDOT: PSS film 
 
Each previous line is completely cured before the next line is printed. This is done by 
selecting the appropriate curing temperature for the particular drop diameter and material. 
From the figure, the individual lines have very visible crest and trough and are rather 
non-uniform. This can be due to the non-uniform distribution of the glass substrate 
surface energy, which causes the droplet spreading to be inconsistent at different region. 
The regions of darker lines are due to the overlapping of adjacent lines during printing. 
This is necessary to make sure the film is completely covered up and there is no unfilled 
region within the film.  
5.3. Printing on Photo Paper  
   Photo paper has a coating of absorbing material which allow ink and other water 
based printing material printed on it to dry relatively quickly compared to normal paper. 
The fast drying property of photo paper can also be applied to the printing of thin film 
capacitor, which consist of PEDOT: PSS and PVP, both water based. Similar to printing 
on brass and glass substrate, printing and observation of droplets and lines of PEDOT: 
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PSS and PVP are first carried out to find out the ideal parameters for printing the multiple 
material capacitors on photo paper.  
5.3.1. Printing of PEDOT: PSS and PVP on Photo Paper 
 
Lines of varying pitches are printed for both PEDOT: PSS and PVP and their 
average thickness are then calculated. The optimal pitch is then chosen based on the 
average line thickness and the smallest deviations of the measured line thickness from 
this average value. Table 5-2 shows the line thickness, maximum deviation, minimum 
deviation and average line thickness at various pitch for the piezo-actuated dispenser 
(PEDOT: PSS) while table 5-3 shows the micro valve dispenser (PVP). Printed lines with 
pitches ranging from 250µm to 450µm for PEDOT: PSS are shown in figure 5-7. 
Compared to printing on glass slide, lines printed on photo paper are more uniform with 
the measured thickness at different region of the lines having little deviation from the 
average line thickness. Even at higher pitches where the droplets are inadequately merged, 
the values of the crest and through measured at different region of the printed lines 
remain constant.  
      
Figure 5-7: Printed PEDOT: PSS lines on photo paper. Crests and troughs are better defined at 
larger pitches while lines are more uniform at lower pitches compared to glass substrate. 
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Average Line Thickness 
/ µm 
250 2 10 778 
300 26 18 643 
350 87 50 663 
400 75 75 575 
450 140 130 538 
 
 







Average Line Thickness 
/ µm 
200 0.042 0.006 1.892 
300 0.08 0.11 1.65 
400 0.03 0.01 1.49 
500 0.04 0.01 1.31 
600 0.13 0.07 1.26 
 
 
For PEDOT: PSS, although the line produced by 250µm pitch is more uniform 
based on its max/min deviation, the line thickness is much larger than that of 300µm, 
even larger than the average drop diameter itself. The average line thickness for 300µm is 
lesser than the average drop diameter and its max/min deviation is also much lesser than 
that at higher pitches. Therefore, a printing pitch of 300µm is chosen for PEDOT: PSS. 
Similarly, based on the lowest max/min deviation and lowest average line thickness, a 
printing pitch of 500µm is chosen for PVP.  
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 Using the established printing pitches for the PEDOT: PSS and PVP, one layer of 
film is printed for both materials in figure 5-8 and 5-9 below.  Compared to the those of 
      
Figure 5-8: One layer of PVP                        Figure 5-9: One layer of PEDOT: PSS 
 
glass substrate,  the printed films have an overall better finish as compared to that of the 
glass substrate due to better uniformity of individual line thickness. This is especially so 
for the micro valve dispenser, which dispenses the much larger PVP droplets. The PVP 
solute is distributed much more uniformly over the whole film when compared to the 
glass substrate as the absorbent coating on the photo paper has “pin” the perimeter of 
individual PVP droplet onto the photo paper, causing the PVP within each droplet to stay 
within their perimeter and prevent them from migrating to adjacent droplets. 
5.4. Effects of Curing on Droplets Diameter 
Before discussing the observation and results on actual printing, it is necessary to 
talk about droplet behavior upon impact on the substrate surface. Due to the influence of 
surface texture, i.e. roughness and wettability, drop impact shows a more complicated 
flow patterns on dry surfaces compared to wetted surfaces [38]. 
 
Chapter 5: Printing (done) on various substrates 
National University of Singapore  57  
 
Before impact on the substrate, droplets possess both surface energy and kinetic 
energy. At this stage, drop diameter is not affected by its liquid properties or that of the 
surface. Upon impact, the droplet will spread in a radial direction and reaches its 
maximum diameter, of which its value depending on its viscosity, surface energy, kinetic 
energy and surface wettability, among others. If there is more surface energy within the 
droplets than kinetic energy at this point, the fluid will flow back towards the center of 
the droplet, decreasing in diameter. This is known as recoiling.  
 
If there is still excess energy in the droplet, it will repeatedly increase and 
decrease its diameter until a rather stable shape and diameter is reached. That is when the 
energy within the droplet is fully dissipated. The droplet will then slowly relax into its 
final shape with minimal surface energy and have a static contact angle and final 
diameter. This phase of droplet spreading is known as wet spreading [39]. The whole 
spreading process may take a few micro seconds or even up to tens of second, depending 
on parameters mentioned above. However, the inclusion of curing or temperature can 
interrupt this process by arresting the spreading of the droplet in the middle of recoiling 
or before wet spreading is complete.  
5.5. Effects of Curing on Glass Substrate 
5.5.1. Printing of PVP on Glass substrate 
Before actual printing, the glass substrates are placed upon the heating mat on the 
motion stage for 5 minutes in order to pre-heat the substrate to the required temperature. 
Printing is done at the temperature of 70oC, 80oC and 88oC respectively. An interval of 
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around 10 minutes is waited between each increment of temperature to allow the 
temperature of the mat to reach the required temperature. A thermocouple thermometer is 
used to verify the heating mat’s temperature. Figure 5-10 to 5-12 show the PVP droplets  
              
Figure 5-10: PVP droplets at 70oC           Figure 5-11: PVP droplets at 80oC 
 
 
Figure 5-12: PVP droplets at 88oC 
 
 
printed from 70oC to 88oC.  At temperature lower than 70oC, all droplets took a rather 
long time to dry, which makes the long printing time impractical. This also increases the 
surface tension effects on the overlapping PVP droplets during line printing.  
                                 
At all temperature, a ring like formation of more concentrated PVP at the perimeter 
of the droplet is produced upon curing from the figure. This “coffee stain effect” 
phenomenon can be explained by the evaporation rate distribution theory proposed by 
Deegan, et al [40], which states that an outward flow of liquid is produced in a drying 
drop due to the inconsistent evaporation flux distribution on a droplet surface (figure 5-
14). During curing, the boundary of the droplets in contact with the substrate is the first to 
be cured as it is exposed to the atmosphere. This curing of the boundary of the droplet 
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onto the substrate prevents the droplet from spreading further beyond this boundary. The 
evaporation rate at the perimeter of the droplets in contact with the substrate is the 
highest while the evaporation rate at the center is the lowest. To prevent contraction of 
the droplet, solvent that is removed through evaporation at the boundary edge must be 
replenished by this outward flow of liquid from the interior.   
 
Evaporation Rate Distribution 





Figure 5-13: Schematic showing a liquid flow in the evaporation-rate distribution theory 
 
This flow is capable of transferring all the solutes to the edge of the boundary of the 
drying droplets and hence produces a high perimeter concentration of solutes seen in the 
figure 5-13.  
 
For the curing of PVP droplets at 80o, the average diameter is 1.17mm with a 
maximum deviation of 0.14mm and minimum deviation of 0.13mm. The deviation is 
much larger than that of the diameter of PVP droplets at 70oC. Also, as curing 
temperature increase, the dimension of the droplets becomes more unstable. In figure     
5-13 where the curing temperature is 88oC, the droplets do not even resemble a circle 
with individual droplet having different dimension. This observation of different droplets 
diameter can be explained using the dynamics of the spreading of droplets. 
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At a lower temperature of 70oC, the droplets have enough time to go through both 
the recoiling and wet spreading phase, resulting in stable droplets with uniform diameter 
within seconds, even though the curing temperature is lower than the boiling point of the 
solvent (DI water). The diameter is also larger as the droplet has more time to spread. 
Due to its large surface to volume ratio, the PVP is evaporated in a relatively short time; 
even when the temperature of PVP droplets is not near its boiling point [41]. For 80oC 
curing temperature, it is likely that droplet spreading is arrested during or near the end of 
the recoiling phase. As drying of the droplet first occurs at the boundary of the droplets 
along the substrate surface, the droplet is pinned to the substrate surface [42]. This 
prevents further spreading of droplet even if its center is not yet cured. The resulting 
cured droplet is one where its diameter is smaller.  
 
At an even higher curing temperature of 88oC, it is possible that the droplet has not 
even begun the recoiling phase and is just beginning to spread out into its maximum 
diameter. This explains its unstable shape, much smaller surface area and higher 
concentration of solute per unit area. As all substrates underwent the same surface 
treatment, it is highly unlikely that the unstable droplet shape for 88oC curing temperature 
is due to non-uniform surface energy or surface wettability of the substrate. It can be seen 
that curing temperature plays an important role in the fabrication of our thin film 
capacitor. A suitable curing temperature has to be chosen for different material in order to 
ensure better surface quality. For the case of PVP on glass substrate, 70oC would be an 
appropriate curing temperature since as previously mentioned, the dispensed droplets 
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managed to undergo both the recoiling and wet spreading phase at this temperature and 
end up with a stable circular shape.  
 
Figure 5-14: Clustering of PVP due to hydrophobicity within a confinement of PVP perimeter 
 
 
Accordingly, using a micro valve on-time of 300μs, dispensing pressure of 0.6bar 
and a curing temperature of 70oC, PVP lines are printed onto the glass substrate. From 
figure 5-14, it can be seen that almost all the PVP cluster to one side of the line due to the 
much higher surface tension than the surface energy if the substrate as explained in 
earlier section. While the perimeter of the individual droplets gets pinned immediately to 
the substrate during curing; as seen by the PVP marking out the perimeter on the 
substrate, the inner region of the droplets remains liquid, which allow them to move 
along the substrate and cluster together.  The “marked out” perimeter of PVP prevents the 
PVP solution from moving outside the region. 
 
 This phenomenon is more obvious at lower temperature. In figure 5-15, at 60oC, 
the PVP droplets colligate into bigger droplets before the perimeter of individual droplets 
even have a chance to get cured. While a line of film is formed initially on the substrate, 
the surface tension between the PVP molecules is higher than that between the film of 
PVP solution and the substrate. This causes them to be more likely to colligate together 
than to spread out along the substrate. The end result is random colligated circular blobs 
of cured PVP with different diameters.    
1mm 
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Figure 5-15: Breaking up of PVP lines into bigger droplets at 60oC 
 
5.5.2. Printing of PEDOT: PSS on Glass substrate 
 
 
Figure 5-16: Drop diameter vs curing temperature, from 25o to 70oC 
 
For the case of PEDOT: PSS, the change in drop diameters with curing 
temperature is small. This is expected as the drop size for PEDOT: PSS, which is 
dispensed with the piezo-actuated print head, is much smaller compared to micro valve 
dispensed PVP droplets. Due to the smaller volume to surface area of the PEDOT: PSS 
droplets, they dry much faster than the PVP droplets. Figure 5-16 shows the change in 
droplet diameter of PEDOT: PSS with increased curing temperature. The drop diameter 
is the largest at room temperature (25oC) at 600μm and the lowest at 80oC onwards at 
1mm 
Chosen curing temperature of 70oC 
with drop size of 550μm 
Chapter 5: Printing (done) on various substrates 
National University of Singapore  63  
 
543μm for a nozzle size of 195μm (figure 5-17). Beyond 80oC, there is no further 
decrease in drop diameter. The decrease in drop diameter through this range of 
temperature is about 50 micron, which is only a decrease of 8% in diameter. Therefore, 
we can conclude here that the drop diameter of piezo based PEDOT: PSS droplets is less 
sensitive to curing temperature compared to micro valve based PVP droplets.  
 
Figure 5-17: Smallest average drop size of PEDOT: PSS droplets at 543μm achieved by 195μm 
nozzle at 80oC 
 
Since the curing temperature for a stable drop size of PVP droplet is 70oC for the 
micro valve print head, we would fix the curing temperature for piezo based PEDOT: 
PSS also at 70oC since both print heads will be used in conjunction during future 
experiments. Figure 5-18 to figure 5-20 shows the difference between film qualities for 
PEDOT: PSS printed at 60oC, 70oC and 80oC.  At 70oC, the PEDOT: PSS suspension is 
evenly distributed in every line throughout the whole film. Each line is separated at equal 
thickness by a region of more concentrated printing material caused by the overlapping of 
printed line.  
                    
Figure 5-18: One layer of PEDOT: PSS film at 700    Figure 5-19: 1 layer of PEDOT: PSS film at 60oC 
 
1mm 
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Figure 5-20: 1 layer of PEDOT: PS film at 80oC 
 
 
At a lower temperature of 600C, the distribution of printing materials is highly 
uneven, with most of the printing materials concentrated in the first half region of the 
film, while the later half region contain much lesser PEDOT: PSS. This is again highly 
due to the surface tension between the uncured portions of the printed fluid PEDOT: PSS. 
At lower curing temperature, as the printed line is not completely cured before the next 
line is printed, the liquid portion of the overlapping lines will merge due their surface 
tension resulting in a blob of fluid printing material. As the rest of the film has already 
been cured, there is no other avenue for the PEDOT: PSS to flow to, they are trapped in 
that region. This blob of solution, when cured, will result in a region of higher 
concentration of PEDOT: PSS.   
 
At a higher curing temperature of 80oC, cracks can be observed at parts of the 
film. Due to the unavailability of equipment for testing and the delicate nature of the film, 
we can only infer that as the lines are printed in succession, the temperature of the 
previous lines will be lower than the one printed next. This results in a film with a 
temperature gradient. The bigger the difference between the curing temperature and the 
ambient temperature, the larger the temperature difference within the film. This may lead 
to different rate of cooling and contraction within the film, which lead internal stress 
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within the film resulting in the cracks shown. Therefore, under such setting, 700C appears 
to be the optimal curing temperature for PEDOT: PSS on glass substrate. 
5.6. Effect of Curing on Photo Paper 
The droplets (PVP or PEDOT: PSS) do not show any noticeable change in 
diameter with increasing temperature. The average diameter of PVP droplets dispensed at 
0.6 bar and at 300ms on time does not change much from 40oC to 70oC. The average 
diameter of PEDOT: PSS droplets also remain somewhat constant at the above 
temperature range as seen in table 5-4.  
 
This is due to the drying process being more dependent on the coating of material 
on the photo paper surface absorbing the solvent (water for both PVP and PEDOT: PSS) 
than the curing temperature. Of all the substrates tested, photo paper provide the fastest 
drying time. Table 5-4 shows the average diameter of PVP droplets and PEDOT: PSS 
droplets from 40oC to 70oC while figure 5-21 the drop diameter of PEDOT: PSS on photo 
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Table 5-4: Drop diameter of PEDOT: PSS and PVP at room temperature, 40oC and 60oC 
respectively. There is minimal change in drop diameter at all temperatures shown. 
Temperature 
/ oC 
Average Drop Diameter / mm 
PVP PEDOT: PSS 
40 1.33 640 
50 1.31 660 
60 1.32 650 
70 1.33 660 
 
 
Figure 5-21: Drop diameter of PEDOT: PSS at room temperature, 40oC and 60oC respectively, on a 
1mm scale. There is minimal change in drop diameter at all temperatures shown 
 
 
Figure 5-22: One layer of PEDOT: PSS at room temperature 
 
Merging of PEDOT: PSS 
droplets at room 
temperature 
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Figure 5-23: One layer of PEDOT: PSS film at 50oC 
 
While the photo paper rely on the layer of absorbent material for drying of 
printing material, curing is still necessary even though the curing temperature can be 
much lower. Figure 5-22 and 5-23 show a printed layer of PEDOT: PSS film at room 
temperature and 50oC respectively.  In figure 5-22, similar to glass substrate at low curing 
temperature, the PEDOT: PSS suspension tends to merge together due to surface tension 
between neighboring lines that have not completely dry, resulting in highly uneven 
distribution of printing materials. 50oC is the lowest curing temperature required to cure 
the printed PEDOT: PSS lines fast enough to form a uniform film, the printing materials 
are evenly distributed throughout.  
 
Figure 5-24: One layer of PVP film at 50oC curing temperature 
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Figure 5-24 shows one layer of PVP film printed at a same curing temperature of 
50oC. Similar to PEDOT: PSS on photo paper, PVP require curing, but at a lower 
temperature to obtain a uniform distribution of printing material on photo paper. 
Compared to ITO-coated and glass substrate, photo paper offer a more favorable material 
distribution as a substrate  
 
 
As both PEDOT: PSS and PVP are able to obtain a better finishing quality on 
photo paper, this make it an ideal substrate for printing components that consist of both 
materials. The curing temperature for printing of multiple material capacitors on photo 
paper is fixed at 50oC.  
5.7. Printing of Multiple PEDOT: PSS layers 
Films of PEDOT: PSS with different layers (up to 6) are printed on the glass 
substrate. Their surface roughness and conductivity are then tested. Figure 5-25 shows 
the conductivity for the 6 different layers of PEDOT: PSS film. From the graph, the 
conductivity increases with the number of layers up to 4 layers, but decreases as more 
layers are added. At 6 layers of film, the conductivity has dropped to below that of the 2 
layers film. There is a significant increase in conductivity from 1 layer to 2 layers film, 
after which increment in conductivity is lesser. Observation by the microscope reveals 
that cracks begin to form from 5 layers onward as seen in figure 5-26, compared to 2 
layers film. These cracks disrupt the continuity of the films at certain region, which can 
results in drop in conductivity.  
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Figure 5-25: Conductivity of various films of PEDOT: PSS 
 
 
Figure 5-26: One layer film of PEDOT: PSS on the left and 4 layers film on the right 
 
 One reason for cracks to occur on printed films with higher numbers of layers can 
be due to warping.  From the schematic in figure 5-27, if the temperature difference 
between the region of the film near the hot plate and the top surface of the film can lead 
to uneven curing and cooling rate, resulting in uneven contraction between the two 
regions of the film during cooling. This will cause internal stress within the film to form. 
The thicker the film, the larger the disparity in cooling rate and temperature between the 
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Figure 5-27: Warping film due to non uniform heat distribution in upper and bottom most layer 
 
difference is large enough; the internal stress will cause cracks to form on the surface. 
 
From figure 5-25, there is also a voltage region where no current is registered 
from -2V to 2V when potential difference is applied across the film. This is due to 
blocking or schottky contact between the PEDOT: PSS film and the glass substrate 
caused by the difference in work function between the 2 materials. This result in a build 
up potential that has to be overcome, or the applied voltage have to be more than 2V or 
less than -2V before the current-voltage (I-V) curve of the PEDOT: PSS film resumes a 
linear relationship.    
 
The surface roughness of the films that are complete and without cracks are then 
measured using the contact profiler from Taylor Hobson (model no: Form Talysurf – 
120). Figure 5-28 shows the surface roughness as the number of layers increase. 
 
The surface roughness is measured in terms of mean roughness (Ra). From the 
graph, it can be seen that surface roughness increases as the no of printed layers increase. 
The main reason is due to the overlapped portion of the printed lines within the film. As 
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Figure 5-28: Surface roughness of PEDOT: PSS film vs no of film layers 
 
 
more layers are printed, the height of the overlapped region of the film increases more 
than its surrounding region. This causes the height difference between the two regions to 
increase as more layers are printed. This raises the Ra value further and further which 
translate to increasing surface roughness. Conductive films with high surface roughness 
can adversely lower or reduce its electrical properties, for example its conductance [43]; 
or that of printed electronic devices when it is used as an electrode [44].  Therefore, 
printed films should be made up of as little layers as possible. From figure 2-25, two 
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6. FABRICATION OF MULTIPLE MATERIAL 
CAPACITOR ON VARIOUS SUBSTRATES 
 
In order to verify the functionality of the developed multiple nozzle, multiple 
material dispensing system, a functional electronic device consisting of multiple layers 
with different printing material is fabricated using the said system. This section discusses 
the results from the printing of the thin film, multiple material capacitors on the glass 
substrate. The curing temperature is fixed at 70oC for the whole printing operation since 
both the curing of PEDOT: PSS films and PVP droplets are shown to be the most stable 
at this temperature.  
 
6.1. Fabrication of Multiple Material Capacitor on 
Glass Substrate 
 
Firstly, two layers of PEDOT: PSS are printed onto the glass substrate at a pitch 
of 300 micron. As the first layer of film is completely cured as the print head moves back 
to its starting position, the second layer of PEDOT: PSS film is printed immediately. 
Next, the printing of another layer of PVP film is attempted on the film of PEDOT: PSS. 
The PVP is dispensed using the micro valve dispenser with a valve on-time of 300ms and 
dispensing pressure of 0.6 bars. However, the positive pressure that dispenses the PVP 
from the nozzle of the micro valve dispenser tends to break up the underlying PEDOT: 
PSS film as shown in figure 6-1.  
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Figure 6-1: Break up of PEDOT: PSS from impact of positive air pressure 
 
The area encircled by the white square line indicates the area that is supposed to be 
printed with transparent PVP solution. The PEDOT: PSS film is unable to withstand the 
impact from the positive air pressure of the micro valve and break up due to impact from 
the pneumatic force. Furthermore, as droplets dispensed from the micro valve dispenser 
are much larger in volume, the underlying PEDOT: PSS film may not be able to bear the 
load from the micro valve dispensed PVP film.  
 
As the underlying film is unable to bear the load of the dispensed PVP or withstand 
the impact of the pneumatic pressure from the micro valve, the PEDOT: PSS film would 
have to be printed last. As such the bottom electrode of the capacitor cannot be made of 
PEDOT: PSS. One solution would be to use a substrate that is conductive as the bottom 
electrode itself. However, in the early sections of chapter 5, it has already been 
determined that brass is not suitable as a substrate for our purposes. Therefore, another 
substrate that is conductive and has the same or higher wettability that glass has to be 
used as a substitute for glass substrate  
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6.2. Fabrication of Multiple Material Capacitors on 
ITO Substrate 
The ITO coated glass substrate can be a substitute for glass substrate. ITO (Indium 
Tin Oxide) is a transparent conducting material used commonly in thin coating film for a 
variety of application. The ITO coated glass substrate used in our experiments was 
supplied by Merck Display Technologies Inc. The ITO is coated on sodalime polished 
glass that comes in a size and thickness of 200x200x0.7mm and a sheet resistivity of 
11.7Ω/square. The substrate treatment is similar to other types of substrates that we have 
used before (refer to section 4.1.1 for substrate cleaning process).  
 
Two layer of PVP film is first printed on the ITO substrate at 70oC, followed by 2 
layers of PEDOT: PSS film based on the previously established parameters. The finished 
product is shown in figure 6-3. It consists of 2 different layers of films with different 
materials on a conductive substrate.  
 
Figure 6-2: A capacitor printed on an ITO substrate. The PEDOT: PSS film is printed on top of the 
PVP film 
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As the PVP films are made up of droplets that are much larger than that of PEDOT: 
PSS, it is much easier to support the load of the PEDOT: PSS film on top. There is no 
breakage of the underlying PVP film and there is generally good adhesion between the 
PEDOT: PSS film and PVP film below. As the PEDOT: PSS droplets are much smaller 
than that of the PVP droplets, the underlying PVP film will not be dissolved by the small 
volume of DI water in the PEDOT: PSS droplets. The surface area of the printed 
capacitor is where the top PEDOT: PSS electrode and the middle PVP film (dielectric 
material) overlap as measured at 80mm2. 
 
Similar to the glass substrate, PVP droplets dispensed onto the ITO substrate also 
tend to colligate together on the substrate surface due to surface tension effect. This result 
in a film that is non-uniform in concentration and has high surface roughness. The high 
surface roughness will in turn affect the surface quality of printed PEDOT: PSS film on 
top. A film of conductive electrode with poor surface quality can increase the leakage 
current of the printed capacitor, thus affecting its performance. 
6.3. Printing of Multiple Material Capacitor on Photo 
Paper 
 
This section discusses the printing of the multiple material capacitors on photo 
paper. As the photo paper is non conductive, two layers of PEDOT: PSS are printed on 
photo paper first using parameters established in the previous section. The first film of 
PEDOT: PSS will act as the bottom electrode of the multiple material capacitor.   
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Figure 6-3: Two layers of PEDOT: PSS at 300 micron pitch and 60oC curing temperature 
 
 
Figure 6-4: Fabricated capacitor consisting of two layers dielectric PVP in between 2 layers of 
conductive PEDOT: PSS 
 
 
Next, another two layers of PVP are printed on the underlying film of PEDOT: 
PSS. This time, the underlying film of PEDOT: PSS did not break up from the pneumatic 
impact of the PVP droplets or from the volume of the much bigger PVP droplets seen on 
the glass substrate. This can be due to the photo paper being softer than the glass 
substrate and as such, being able to absorb part of the pneumatic impact from the micro 
valve positive pressure. Also, part of the solvent for PVP is absorbed by the photo paper 
on impact, reducing is volume. These allow the PVP droplets to be dispensed 
successfully onto the underlying PEDOT: PSS film with a uniform concentration 
throughout the PVP film. 
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   Finally, another 2 layers of PEDOT: PSS are printed on the PVP film. The 
fabricated multiple material capacitor consisting of 6 total layers as seen in figure 6-5. 
The effective area of the printed capacitor, where all 3 printed films overlapped is 
measured to be 80mm2.  
6.4. Testing and Comparison of Printed Capacitors  
This section compares the testing results between the multiple material capacitor 
printed on the ITO-coated glass substrate and that on the photo paper. A Hioki LCR Hi 
tester (model no: 3520) is used to measure the capacitance of our printed capacitor. There 
are 2 types of testing configuration for the LCR meter: parallel and series, as shown in 
figure 6-5 below. 
 
In the series configuration, the capacitor is in series with the overall resistance of the 
thin film capacitor, represented by a resistor. The current that flows to the capacitor and 
through the resistor is the same while each component has a different voltage. This 
overall resistance is known as the Equivalent Series Resistance or ESR.  In the parallel 
configuration, the total resistance of the thin film capacitor (represented by a 
resistor) is parallel to the capacitor. Both components will share the same applied voltage 
but at different current value. Therefore, for the parallel configuration, the bigger the 
resistance, the more current will flow to the capacitor, i.e. the capacitor will store more 
charges.    
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Figure 6-5: Equivalent circuit for parallel and series configuration of LCR hi tester used for 
measuring different types of capacitor 
 
The series configuration will be more suitable for capacitors with a high ESR since 
the same value of current (charges) still flows to the capacitor while the potential 
difference across the capacitor is kept low. In the parallel configuration, the current is 
split between the resistor and the capacitor while potential difference across the capacitor 
and the resistor will be the same. As such the parallel will tend to register a lower 
capacitance value than the series configuration when tested.  
 
According to the following equation: 
C = Q/V (1) 
 
Where C is the capacitance of the printed thin film capacitor, Q is the total charges 
carried by the current and V is the applied voltage. It is shown that the higher the current 
value and the lower the applied voltage across the capacitor, the higher the capacitance 
value will be.  
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6.4.1. Testing of Printed Capacitor on ITO-Coated Glass 
Substrate 
 As the overall resistance of the printed thin film capacitor is in the magnitude of 
MΩ, the series configuration is chosen and the printed thin film capacitor is tested. One 
probe is fixed at one end of the conductive part of the capacitor. For the ITO substrate, 
that will be the substrate surface itself while for photo paper, that will be on the PEDOT: 
PSS film at the bottom layer protruding out. The other probe is placed at 3 different 
points (A, B and C) on the surface of the PEDOT: PSS film (the uppermost layer of the 
printed capacitor) as shown in figure 6-6.  
 
The corresponding capacitance for the ITO-coated glass substrate is shown in 
table 6-1. Ac current is supplied from the output of the LCR Hi tester to the printed 




capacitance of the printed thin film capacitor varies when probed at different points while 
the ESR remains the same at 5000 Hz. The difference in capacitance values can be due to 
non-uniform distribution of PVP on the dielectric layer of the thin film capacitor and the   
A 
B 
C Fixed probe on conductive 
part of substrate (ITO/ 
PEDOT: PSS) 
Figure 6-6: Various position of probe of LCR Hi tester on PEDOT: PSS film 
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Table 6-1: Capacitance of printed capacitor measured at different points and corresponding 
equivalent series resistance (ESR) 
Position Capacitance  / pF 
Equivalent Series Resistance (ESR) 
/ MΩ 
A 6.44 3.52 
B 4.72 3.53 
C 5.03 3.47 
 
uneven distribution of PEDOT: PSS on the conductive layer. The uniform ESR value is 
expected since the same capacitor is being tested for all 3 points. As the bulk of the ESR 
of the thin film capacitor comes from the combined resistance of the PVP dielectric layer 
and PEDOT: PSS conductive layer, probing the thin film capacitor on the same layer at 
different point will not lead to any significant change in the ESR.  
 
Figure 6-7: Relationship of capacitance with increasing frequency for ITO substrate 
 
Next, the relationship between capacitance and applied frequency is established 
for the printed thin film capacitor. This time, the frequency is increased from 10 Hz to 
10000 Hz. The position of the probe is fixed at position B using a measuring probe with a 
Chapter 6: Fabrication of Multiple Material Capacitor on Various Substrates  
National University of Singapore  81  
 
flat surface. The flat surface can cover a wider surface area of the film and will not 
damage the film during testing. It also allow us to cover a greater surface area on the film. 
The relationship between capacitance and applied frequency can be seen in figure 6-7 
above. 
 
From the figure, it can be seen that the capacitance value starts out high at low 
frequency and then decreases sharply and approaches at high frequency. This can be 
explained by the following manipulation of a few expressions. 
Consider the basic equation for current I: 
                                                                                                              (2) 
 Where Q is the total charges carried by the AC and t is time.  
And that: 
                                                                                                                (3) 
Where f is the frequency of the AC. 
Combing equation (2) with equation (3), we have: 
                                                                                                                        (4) 
 
Using equation (1), equation (4) can be change into: 
                                                                                                                       (5) 
 
From equation (5), the value of capacitance shares an inverse relationship with the 
frequency of the applied AC. This is not unexpected. At low frequency, the period of the 
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ac current is high. The large period gives more time for charges to be fully built up in the 
printed capacitor and dissipation, translating to a large drop in potential difference across 
the electrode of the printed capacitor, giving a larger capacitance value. At higher 
frequencies, the switching of the ac current is so fast that the wave form resembles that of 
a dc current and the capacitance approaches zero value. The low period of the ac current 
prevents the capacitor from charging too much at all before being dissipated again; this 
prevents a significant drop in potential difference across the capacitor, giving a low 
capacitance value according to equation (5).  
 
While the thin film capacitor printed on the glass substrate appears to be functioning, 
its capacitance is not uniform throughout the film. A more even distribution will ensure 
that dielectricity is uniform throughout the entire surface of the PVP film. Also, the 
working frequencies for the printed capacitor are very limited as the capacitance values 
decrease over a small frequencies range. Optimally, the drop in capacitance should be 
more gentle over as large a range of frequencies as possible.  
6.4.2. Testing of Printed Capacitor on Photo Paper 
 Similar tests were also conducted for the thin film multiple material capacitor on 
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Table 6-2: Capacitance of printed capacitor measured at different points and corresponding 
equivalent series resistance (ESR) for photo paper 
 
Position Capacitance  / pF 
Equivalent Series Resistance (ESR) 
/ MΩ 
A 5.36 3.77 
B 5.51 3.65  




From table 6-2, the capacitance remains almost constant at all 3 tested points. This shows 
that capacitance is uniformly throughout the whole dielectric film. This is expected as the 
photo paper allows printing material to be distributed uniformly during printing. The 
capacitance of the printed capacitor is then tested using both the series and parallel 
configuration of the LCR Hi tester. 
 
Figure 6-8: Graph of capacitance vs frequency for multiple material capacitor printed on photo 
paper 
  
From figure 6-8, the series configuration (in blue) gives a higher capacitance 
while that of the parallel configuration (in red) giving lower capacitance. This is already 
Chapter 6: Fabrication of Multiple Material Capacitor on Various Substrates  
National University of Singapore  84  
 
explained in section 6.4 as the ac current is split between the capacitor and its ESR. 
However, both graphs show a similar profile to that of ITO coated glass substrate. The 
drop in capacitance is more gentle over a wider frequencies range. This can be attributed 
to the uniform distribution of printing materials for the photo paper and the better film 
surface quality for capacitor printed on photo paper. Similar to the glass substrate, the 
ESR value remains the same when tested at different points. It was also found that when 
tested with increasing frequency, the ESR and the impedance of the capacitor tend to 
decrease non-linearly for photo paper. This is shown in figure 6-9.  
 
Figure 6-9: Impedance and ESR of photo paper printed capacitor as frequency increases 
  
The LCR Hi tester only registers a value when the frequency is around 2000 Hz 
for both impedance and ESR. At frequency lower than this, the values were too high and 
out of range for the LCR Hi tester. The ESR is essentially made of resistance from the 
connecting materials, i.e. the conducting PEDOT: PSS films and the dielectric PVP film. 
It is a parasitic component of a capacitance that tend to lower the performance or even 
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cause the capacitor to breakdown due to the heat generated from the power loss. However, 
it should be noted that temperature does not have any effect on ESR although it affects 
the capacitance performance [45].  
 
 The ESR varies inversely to frequency according to the mathematical 
relationship in equation (6): 
                                                             ESR =                                                (6)                 
where DF is the dissipation factor of the capacitor, f is a particular frequency where the 
ESR is measured and c is the capacitance value of the capacitor. This explains why the 
ESR and impedance decreases as frequency increase. Furthermore, impedance will 
always be equal or lesser than the ESR due it having both a real component (ESR) and an 
imaginary component. This can represent in the expression below: 
                                                             Z =                                              (7) 
where Z is the impedance, R is the ESR, f is a particular frequency at which the 
impedance is measured and C is the capacitance value. As frequency increase, the 
imaginary component of Z decreases while R, the ESR also decreases. Therefore, 
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7. Conclusion and Recommendations 
7.1. Conclusion 
7.1.1. Development of Multiple Nozzle DoD Inkjet Printing 
system  
This thesis presents the development of a multiple nozzle multiple material 
dispensing DoD IJP system. A corresponding user interface has also been programmed to 
allow user to input printing parameters to related hardware of the system. This system is 
capable of printing devices of multiple 2D layers with each layer consisting of different 
materials. However, the system is currently unable to dispense different materials within 
a single layer, making choices of fabricated devices limited. Using the above developed 
DoD IJP system, a series of characterization have been done on various substrates, 
including normal glass slide, ITO coated glass slide, brass, and photo paper using 
PEDOT: PSS and PVP. The PEDOT: PSS is dispensed using the piezo actuated print 
head while the PVP solution is dispensed by the micro valve print head.  
7.1.2. Substrate Treatment 
The substrates are given cleaning treatment and have their surface energy 
compared by measuring the contact angle of DI water droplets deposited on them; except 
for photo paper, which does not need require treatment. Both glass and ITO coated glass 
substrate present the lowest contact angle and subsequently the highest wettability while 
brass gives the highest contact angle at lowest wettability. Subsequently, brass proves to 
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be unsuitable as a substrate due to its low wettability. For both glass and ITO coated glass 
substrates, the drop sizes and diameter stability of the dispensed printing materials are 
highly dependent on the curing temperature.  
 
However, the type of substrate treatment can also play a part in the stability of the 
droplets, particularly in terms of shape and diameter consistency of the dispensed 
droplets. Dry cleaning of the substrate like plasma treatment, for example can be 
employed instead of the wet cleaning method used in this thesis to further increase the 
wettability and achieve a more uniform surface energy distribution on the substrate 
surface. However, due to constraint of resources and equipments, the wet cleaning 
method is the best available cleaning method for the experiments. 
 
For the case of photo paper, due to the layer of ink absorbent/ receptive coating on 
the surface, the solvent (DI water) of dispensed PEDOT: PSS and PVP droplets are 
readily received by the coating and held into place as compared to other substrates where 
the droplets are dispensed and deposited directly in the substrate. This allows the droplets 
dispensed on the photo paper to have a more consistent shape and diameter.  
7.1.3. Characterization of Printing Materials on Various 
Substrates 
Generally, higher curing temperature will give a smaller drop size on the substrate 
but less uniformity on the drop diameter of printed droplets while lower curing 
temperature will give bigger drop size but higher uniformity on the drop diameter.  
However, at all curing temperatures, the print quality of PVP lines are shown to be 
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unsatisfactory even at the optimal printing pitch. This is due to the high surface tension 
arising from the overlapping of the large PVP droplets which tend to merge together 
when they are printed on the substrate. Unlike the PVP droplets, the PEDOT: PSS 
droplets which are much smaller is less affected by this problem. Overall, droplets 
produced by both the piezo-actuated and micro valve print heads can be considered large 
when compared to both their nozzle sizes and available literatures. This is due both 
material being aqueous or water suspension which generally tends to spread more readily 
compared to oil based and other types of fluids with higher range of viscosities [36.37].     
 
Of the 4 substrates used, droplets and lines of PEDOT: PSS and PVP printed on 
the photo paper provide the best uniformity regardless of curing temperature. This is due 
to the printed materials relying more on the absorbent coating on the photo paper for 
drying rather than on the heat source for curing. Although higher curing temperature will 
provide a faster drying time, the change in drop diameter for droplets dispensed on photo 
paper is minimal with respect to increasing curing temperature. This is due to the 
absorbent material on the photo paper causing the perimeter of the droplets to be pinned 
to the photo paper on impact, preventing further growth of drop diameter.  
7.1.4. Printing of Multiple Material Capacitor on various 
Substrates 
A multiple material capacitor is printed on the ITO coated glass substrate using a 
curing temperature of 70oC. 2 layers of dielectric PVP films are printed on the conductive 
surface of the ITO coated glass substrate followed by 2 layers of conductive PEDOT: 
PSS films. The effective capacitive area where the printed electrodes and dielectric films 
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overlapped is 80mm2. Due to the non-uniform distribution of printing materials on the 
PVP films, the capacitance measured at different points on the capacitor show different 
values, making the capacitor unreliable.  
 
For the photo paper, a curing temperature of 50oC is used. 2 layers of PEDOT: 
PSS films are printed on the photo paper followed by 2 layers of PVP films and finally 2 
layers of PEDOT: PSS at the top. The effective capacitive area is 80mm2. The printed 
films of both PEDOT: PSS and PVP show much better uniformity in terms of material 
distribution. This gives the printed capacitor a more uniform capacitance throughout the 
effective capacitive area. Compared to the ITO coated glass substrate, the drop in 
capacitance for the capacitor printed on photo paper is also much gentler when tested 
over a frequency range from 10Hz to 10 KHz. This gives the photo paper printed 
capacitor a better and wider range of working range frequencies.  
 
The capacitance value of both the glass substrate and photo paper multiple 
material capacitors are comparable to other printed thin film capacitor like Polyimide 
capacitor, which has capacitance ranges from 0.5pf to 50pf [46]. However, the ESR 
values for capacitor printed on both substrates are in the range of MΩ, which are 
exceptionally high for polymer capacitor. This can be due to the usage of the grade of 
PEDOT: PSS for our capacitor electrode which itself has high resistance. Using an even 
higher conductive grade of PEDOT: PSS will decrease the resistivity of the PEDOT: PSS 
film and the ESR of the printed capacitor.   
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The emphasis here is on the improvement and development of the multiple 
nozzles DoD IJP system and characterization of dispensed printing material on substrates 
and not on the quality of devices fabricated using this particular system. However, 
measurements are still done to ensure the printed devices are functional.  In summary, 
this research has characterized the multiple-material DoD printing of PEDOT: PSS and 
PVP. The results and findings will be used to improve the already developed DoD system 
for printing better quality of coating for various industrial application. The developed 
dual nozzle printing is very useful for complex multiple layer printing using multiple 
materials. 
7.2. Recommendation     
The current user interface is still quite inflexible in terms of multiple-material 
printing. It does not allow the user to print different materials within a single layer nor 
does it allow for precise distribution of printing materials at different location within the 
layer. Improving on this aspect of the system will allow for more complicated operations 
and a wider field of application. More can also be done on the design of the user interface 
by organizing the input parameters into positional parameters and printing parameters in 
the interface and each print head having its own interface for user input. However, due to 
limited time needed for the learning of related software and requirements of other 
experimental tasks, it is regrettable that there is not enough time for coming up with a 
better user interface design and programming. 
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Dry cleaning of substrate like plasma heat treatment could have been done to the 
ITO substrate and other substrates instead of the less ideal organic cleaning to increase 
their wettability. A surface with higher wettability will allow more uniform distribution 
of printing material throughout the film by allowing droplets to spread out more on the 
surface (lower contact angle) instead of colligating during printing of lines. This will give 
better uniformity in material distribution and capacitance for the printed capacitor. 
However, due to constraint of equipment and chemicals, organic surface treatment is the 
best available type of treatment method for this project. 
 
Droplets dispensed on both glass and ITO coated glass substrate tend to colligate 
during printing of lines. This is especially so for PVP droplets dispensed by the micro 
valve print head. As the micro valve print head relies on positive pressure for dispensing 
and that the size of the nozzle being in the range of 200μm to 250μm, the drop size of the 
dispensed droplets is relatively large by current industry standard. The high surface 
tension due to the overlapping of adjacent PVP droplets tends to allow droplets to 
colligate more than when the drop size is smaller. A smaller nozzle size can be used in 
future experiments to create smaller drop size. A smaller nozzle size also requires a 
shorter on-time and dispensing pressure for droplets dispensing, making the drop size 
even smaller. However, another set of characterization and optimization will need to be 
done for smaller nozzle sizes. Smaller nozzle size will also increase the chance of nozzle 
clog. 
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Lastly, in this project, the printing speed has been kept at a constant value of 
2mm/s for all experiment. The optimal curing temperature for both the ITO coated glass 
substrate and photo paper is also based on this printing speed during printing of PEDOT: 
PSS and PVP lines and films with different pitches. The curing temperature may need to 
be increased when printing speed increases or can be lowered if even slower printing 
speed is employed. A characterization of curing temperature for water based printing 
material with respect to print speed can be done to find out the optimal curing 
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